mutations in the plasmid are no longer virulent (21a), emphasizing the earlier observations of the important correlation between the unknown mechanism giving rise to Ca2+ dependence and the virulence of the pathogen (4) (5) (6) . The region of the virulence plasmid which has been shown to be involved in the Ca2+ dependence is large and comprises about onethird of the plasmid (21a) .
The synthesis of the V and W antigens has been associated with the virulence of Yersinia (7) (8) (9) (10) 20) . These two antigens are the only gene products described so far to be associated with the virulence plasmid of Y. pestis (13, 24) . Plasmidcontaining strains of Y. enterocolitica and Y. pseudotuberculosis express at least four different temperature-inducible outer membrane polypeptides in addition to the V and W antigens (23; Portnoy et al., manuscript in preparation). One of the plasmid-associated proteins is a high-molecularweight outer membrane protein designated protein 1 (3) . The expression of this protein responds very rapidly to a shift in temperature from 26 to 37°C and is only moderately affected by the concentration of Ca2+ in the growth medium, in contrast to the other plasmid-associated outer membrane proteins. In addition, this protein is expressed in several different growth media (3) .
We show in this report that the outer membrane protein 1 of Y. pseudotuberculosis YPIII(pIB1) is encoded by the virulence plasmid. We further show that Tn5-derived insertions probably located within the structural gene of protein 1 do not affect the virulence of the pathogen.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth medium. The growth conditions were as described earlier (3) . The strains and plasmids used are described in Table 1 .
Plasmid DNA isolation. Plasmid DNA was isolated as previously described (22 (17) . Ca2'-independent strains gave a 100% viable count on MOX plates at 37°C as compared with the same dilution on blood agar base plates at 26°C. Ca2+-dependent strains gave less than a 0.1% viable count on MOX plates at 37°C.
Synthesis and labeling of probe DNA. A mixture of 16 oligonucleotides (see Fig. 4 ) was purchased from Kabigene AB and synthesized as previously described (11 20 ,ug of kanamycin per ml and incubated at 37°C. To obtain Ca2'-dependent pIBl::Tnri derivatives, the cells were first plated on blood agar base plates containing 10 mM Ca2+ and 20 ,ug of kanamycin per ml. The resulting clones were then screened for Ca>2 dependence by plating on MOX agar at 37°C. Ca-2+ dependent clones which lost kanamycin resistance after one passage on MOX agar at 37°C were further investigated by plasmid restriction analysis of the master Ca2+-dependent clone.
Preparation of outer membranes. For the preparation of membranes, 50 ml of culture was centrifuged at 4°C. The bacterial pellet was suspended in 5 ml of a solution containing 10 mM Tris-hydrochloride (pH 7.8), 5 mM EDTA (pH 7.8), and 1 mM 3-mercaptoethanol. The cells were then disrupted by four 15-s bursts at the full power of a Branson ultrasonic disintegrator. Cell debris was removed by low speed centrifugation, and membranes were pelleted from the supernatant fraction by centrifugation at 100,000 x g for 1 h. The membrane pellet was then suspended in 5 ml of a solution containing 0.5% Sarkosyl and 1 mM 3-mercaptoethanol in distilled water. The total membrane fraction was incubated for at least 30 min at 4°C (in most cases it was convenient to incubate overnight), and then the suspension was centrifuged at 100,000 x g for 1 h. The final outer membrane-containing pellet was suspended in 100 ,ul of sample buffer (62.5 mM Tris-hydrochloride [pH 6.8], 1% SDS, 0.5% 3-mercaptoethanol, and 10% glycerol) (3).
SDS-polyacrylamide gel electrophoresis. The proteins were analyzed in SDS-polyacrylamide gels essentially by the procedure by Laemmli (19) . To separate the outer membrane proteins, we used slab gels containing 16% acrylamide and 0.094% bisacrylamide or gradient gels (17.5 by immersing the gel for 10 min in a mixture of 45% methanol and 9% acetic acid. The proteins were then stained for 30 min in 0.25% Coomassie brilliant blue in 7% methanol-5% acetic acid and destained in 7% methanol-5% acetic acid with several changes. All steps were carried out at 37°C. When proteins were to be visualized by autoradiography, the gel was dried in an LKB Instruments slab gel dryer and then put in direct contact with Cronex-4 X-ray film. After exposure for 48 h at -70°C, the film was developed.
Purification of protein 1. Cells of strain YPIII(pIBl) were grown in 100 ml of NB medium overnight at 26°C. This culture was used to inoculate a 2-liter culture of minimal medium. The cells were incubated for about 2 to 4 h at 26°C on a rotary shaker. After this incubation period, the flask was transferred to 37°C, and the bacteria were grown overnight. The outer membrane was prepared, and the resulting outer membrane pellet was solubilized in 1 ml of SDS sample buffer and heated to 95°C for 5 min. The entire sample was applied to a preparative SDS-polyacrylamide gel. After electrophoresis overnight, the gel was stained with 0.25 M KCI as described by Hager and Burgess (16 37°C. A clone of E. coli K-12 strain DH1 carrying the hybrid plasmid pBW8 was found to express a novel outer membrane protein which showed the sarme molecular weight as that of protein 1 (Fig. 2 and 3 ). This protein was also found to be temperature inducible in E. coli K-12 (Fig. 2) . Furthermore, an immunological relationship between protein 1 of Y. pseudotuberculosis and the temperature-inducible outer membrane protein of strain DH1(pBW8) was established by using Western blotting analysis with rabbit antiserum directed against purified protein 1 of Y. pseudotuberculosis YPIII (Fig. 3) .
These results clearly indicate that the structural gene of protein 1 is located on the virulence plasmid. It was found, however, that protein 1 was not stably expressed in the E. coli K-12 strain DH1(pBW8). When 20 independent singlecell clones derived from a single clone known to express protein 1 were studied, about 10% of the clones no longer showed the ability to synthesize protein 1. However, when such negative clones were restreaked on selective plates and 20 individual single-cell clones were assayed for the ability to express protein 1, 10% of these clones now showed the capacity to express protein 1. Furthermore, the BamHI restriction endonuclease digestion patterns of pBW8 from both positive and negative clones were identical. It was found that plasmid pBW8 contained the BamHI fragments 2, 4, 9, 10, 11, 13, and 14 of plasmid pIB1 (Fig. 4) .
Construction of DNA probes for the localization of the structural gene of protein 1. Outer membrane protein 1 was purified, and its N-terminal amino acid sequence was deduced. The N-terminal sequence of 14 amino acids was obtained (Fig. 5) . The information from the amino acid sequence was thereafter used to design a set of DNA probes which could be used to localize the N-terminal end of the (Fig. 6 ). In addition, plasmid pIB540, which was incorporated in the experiment as marker for BamHI fragment 10 of pIB1, showed that the probe mixture recognized this BamHI fragment, indicating that the N-terminal end of the structural gene of protein 1 was within BamHI fragment 10 of the virulence plasmid (Fig. 4 and 6) .
pIBl::TnS insertion mutants of Y. pseudotuberculosis YPIII. To determine whether protein 1 was associated with the Ca2+ dependence of strain YPIII(pIBl), the transposon TnS was introduced into plasmid pIBl by the use of phage Plclm::Tn5 cIrlOO. This phage has previously been found to work as an excellent vehicle to introduce the transposon TnS into Y. pestis (21a). Accordingly, we isolated Ca2+-independent TnS-derived mutants by selection on Mg2+ oxalate plates containing 20 ptg of kanamycin per ml at 37°C. These mutants were examined for expression of protein 1. Two different classes of Ca2'-independent mutants were obtained. The first class did not express protein 1, whereas the other class did. One representative strain of each class was chosen for further study. These strains were denoted YPIII-(pIB101) and YPIII(pIB71), respectively. A third strain, YPIII(pIB102), showing Ca2' dependency was also studied.
This strain did not express protein 1. These strains were examined for Ca2+ dependence, expression of protein 1, virulence, and location of Tn5.
The location of the TnS insertions within the plasmids was analyzed by digestion with the restriction enzyme BamHI (Fig. 4) . It was found that plasmid pIB101 had TnS inserted into BamHI fragment 10 of plasmid pIBl. Bacteria carrying this plasmid were Ca2+ independent and did not express protein 1 (Fig. 1 and Table 2 ). Plasmid pIB102 also carried TnS in BamHI fragment 10. Bacteria carrying this plasmid were Ca2+ dependent but did not express protein 1 ( Fig. 1 and Table 2 ). Plasmid pIB71 and TnS inserted into BamHI fragment 7 (Fig. 4) and was Ca2+ independent but did (Table 2 ). However, both YPIII(pIB101) and YPIII (pIB71) were avirulent in this test (Table 2) .
DISCUSSION
In a recent report, we suggested that the structural gene of the plasmid-associated temperature-inducible outer membrane protein protein 1 of Y. pseudotuberculosis was located on the virulence plasmid pIBl (3) . We have demonstrated in this study that a protein showing the same molecular weight and immunological relatedness to protein 1 is expressed in a strain of E. coli K-12 harboring pBW8, a plasmid which is a hybrid between pHC79 and pIBl. This argues strongly for the assumption that protein 1 is plasmid encoded. This protein was also found to be temperature inducible in the E. coli K-12 strain DH1(pBW8), indicating that the regulatory system involved in the temperature-dependent expression of protein 1 is also plasmid associated.
DNA probes specifically designed to recognize the Nterminal end of the structural gene corresponding to protein 1 were found to hybridize specifically to BamHI fragment 10 of plasmid pIBl, indicating that the N-terminal end of this gene is to be found within this BamHI fragment. This hypothesis is also supported by the results obtained with plasmids pIBlOl and pIB102. These (in press). The symbol Ishows the suggested genetic location of protein 1 on plasmid pIBl.
highly virulent for Swiss albino mice after oral challenge (3, 15) . This was also found to be true for Ca2'-dependent strain YPIII(pIB102) which did not express protein 1, indicating that protein 1 is not required as a virulence determinant of Y. pseudotuberculosis to cause a lethal infection in mice. In contrast, the strain YPIII(pIB101) was found to be avirulent. This strain is also unable to express protein 1 but, furthermore, is Ca2+ independent. Therefore, the avirulent behavior of this latter strain is more likely accounted for by the correlation with Ca2+ independence rather than with incapability to express protein 1. Plasmid pIB101 has Tn5 inserted into BamHI fragment 10 of pIBl. Since this BamHI fragment is located far from fragment 7 (Fig. 7) and since the transposon probably is inserted into or is located very close to the structural gene for protein 1, it cannot be excluded that expression of protein 1 is coregulated with Ca2+ dependence. However, it is possible either that another mutation simultaneously caused Ca2+ independence, since this was the basis for selection, or that TnS mediates polar effects on distal genes.
Plasmid pIB71 seems to support the latter possibilities since a strain carrying this plasmid was found to be Ca2+ independent but able to express protein 1. Thus, the results obtained with plasmids pIB102 and pIB71 show that the expression of protein 1 is not obligatorily linked to Ca2+ dependence. However, strains YPIII(pIB101) and YPIII-(pIB71), respectively, were found to be avirulent after oral challenge, confirming results obtained from work with Y. pestis showing that Ca2+-independent Tn5-derived insertion mutants are avirulent (21a) .
